ABSTRACT: Reverse micelles are attractive nanoscale systems used for the confinement of molecules in studies of structure and chemical reactions, including protein folding, and aggregation. The simulation of reverse micelles, in which a water "pool" is separated from a nonpolar bulk phase by a surfactant layer, poses significant challenges to empirical force fields due to the diversity of interactions between nonpolar, polar, and charged groups. We have explored the dependence of system density, reverse micelle structure, and water configurational relaxation times as a function of reverse micelle composition, including water:surfactant ratio, absolute number of water molecules, and force field using molecular dynamics simulations. The resulting structures and dynamics are found to depend more on the force field used than on varying interpretations of the water:surfactant ratio in terms of absolute size of the reverse micelle. Substantial deviations from spherical reverse micelle geometries are observed in all unrestrained simulations. Rotational anisotropy decay times and water residence times show a strong dependence on force field and water model used, but power-law relaxation in time is observed independent of the force field. Our results suggest the need for further experimental study of reverse micelles that can provide insight into the distribution and dynamics of shape fluctuations in these complex systems.
■ INTRODUCTION
Reverse micelles (RMs) have been the subject of experimental studies since the early 1940s. 1 Reverse micelles allow for a tunable amount of water to be encapsulated within a membrane like environment. The water cores of RMs have been found to behave similarly to cavities found in biological systems, 2 where the water−surfactant interface of reverse micelles mimics that behavior in a less complex environment and on a smaller scale. 3 These properties make RMs powerful tools in which to probe confinement effects and dehydration on biological molecules. 4−6 Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) is a commonly used surfactant as it readily forms RMs in nonpolar solvents without a cosurfactant. AOT's branched structure allows the molecules to pack together and dissolve large amounts of water. 7, 8 The shape, size, and composition of RMs have been studied using many experimental techniques including NMR, 9 small-angle X-ray scattering (SAXS), 10 dynamic light scattering (DLS), 11 and pulsed gradient stimulated echo. 12 The size of reverse micelles depends in part on their water loading (w 0 ), which is the ratio of water molecules to surfactant molecules:
The absolute composition of reverse micelles is still a matter of debate. The two most used estimates come from Amararene et al. 10 using SAXS and volumetric measurements and Eicke et al. 11 using analytic ultracentrifuge. These estimates disagree by as much as 35% for low water loadings (w 0 = 3−10), and the Waks work reports very small molecular water volumes for these. Further, the shape of AOT RMs is also still in question. 14 Significant computational work has been performed using AOT RMs. 15−25 Some earlier simulations employed implicit solvent models in which the surfactant head groups were represented by a single charge interaction site, the water was treated explicitly, and a continuum potential was used to represent the nonpolar solvent and the surfactant tail groups. 15−17 While useful, the implicit solvent model employed in that pioneering work failed to provide structural information for the surfactant or the interaction between the surfactant and the nonpolar solvent. These simulations also spherically constrained the water core of the RM, not taking into account any deformation in shape or water penetration into the surfactant region of the RM.
To obtain more detailed structural information about reverse micelles, Abel et al. ran the first all atom simulations of AOT RMs of w 0 = 3, 5, and 7 in isooctane. They observed that within a few hundred picoseconds the RMs deviated from their original spherical shape and became elliptical. The properties of water also became more bulk-like as the RMs increased in size. This work led to the first insights into the nature of the equilibrium structural ensemble of AOT RMs. 18 Brodskaya et al. developed a coarse-grained model for AOT surfactant in hexane. They simulated RMs of w 0 = 2, 3, 4, and 5 and studied the effects of size and water content on structure. 19 In their 2-ns simulations the RMs, which were initially spherical, evolved into elliptical shapes. The change in shape was less pronounced as the RMs increased in size. 20 They also studied the translational diffusion within the reverse micelles and found that mobility of ions, polar heads of AOT, and water increased as the RMs increased in size. 21 Using a united atom model Chowdhary and Ladanyi simulated AOT RMs (w 0 = 2− 7.5) in isooctane and examined the effect of RM size on structure. 22 Tian and Garcia performed landmark simulations of the selfassembly of RMs 23 for compositions relevant to w 0 = 6 and 11. The simulated dynamics were extensive, showing the formation of small RMs and RM fusion ultimately forming RMs of an elliptical structure.
Graeve et al. performed experimental and computational studies (including self-assembly) investigating the size and shape of AOT RMs. In their initial work they observed significant deviations from the initial spherical shape for small RMs within the 1 ns of simulation time. They also noted that there is less fluctuation in shape for the larger RMs (w 0 > 10). 24 In a subsequent extensive and critical study of RM structure, they compared the results of their computational work to dynamic light scattering experiments on the same systems. They observed highly qualitative agreement between their simulations and experiment, and found nonspherical shapes for the reverse micelles. 25 Because previous theoretical work has generally employed spherical restraints, focused on a single w 0 , used a single absolute composition estimate, or used a single force field, this work broadens the understanding of how these choices affect AOT RM simulations. In this work we used two force fields to simulate 12 reverse micelle systems (four spherically restrained, eight unrestrained) of w 0 = 6 and 10 using both experimental composition estimates. The compositions of the reverse micelles systems are outlined in Table 1 .
■ METHODS
RM systems were generated using the CHARMM32 package with the CHARMM27 all atom force field for proteins and lipids and the TIP3P water model for CHARMM. 26 CHARMM parameters for AOT and isooctane were taken from the work of Abel et al. 18 For the spherically restrained RMs a massless dummy atom was fixed in the center of the RM. A harmonic restraint of 2 kcal/mol/Å was placed on the sulfur atom of each AOT molecule to keep it within a certain distance of the dummy atom (see Table 1 ). The distance restraints were chosen to agree with experimental measurements of the solution density in refs 10 and 11.
The starting structures for the unrestrained RMs were used for the GROMOS systems which were generated with the GROMOS96 53a6 united atom force field. 27 As there is no previous work in the literature modeling AOT with this force field, we attempted to remain as "force field consistent" as possible in using GROMOS to generate the AOT headgroup parameters. The parameters for the sulfur headgroup began with a choice of the sulfur parameters used for DMSO. NAMD 28 and GROMACS were used for the production runs of the CHARMM and GROMOS systems, respectively. The cutoff for the short-range electrostatics calculations was set to be 12 Å, and Ewald was used for the long-range electrostatics. The temperature was held constant at 300 K, and the pressure was held constant at 1 atm using the Langevin 29, 30 (for NAMD) and Berendsen 31 (for GROMACS) pistons. There are alternatives based on extended-Lagrangian methods, such as a combination of Nose-Hoover chains with an Anderson piston, that are more elegant. However, we have not observed thermostat-dependent differences in the results for dynamics or equilibrium averaging for systems of the size studied in this work. SHAKE was used to keep bonds containing hydrogen atoms rigid. Each trajectory was run for 25 ns saving data every 0.1 ps. Analysis of all systems was performed using CHARMM, GROMACS, and MDAnalysis. 32 
■ RESULTS
Agreement between Simulated and Observed Densities. Experimentally, the density of the w 0 = 6 RMs is observed to be higher than the density of the w 0 = 10 RMs. 10 The values we report for the unrestrained CHARMM RMs in Figure 1 follow this trend. For the density calculations we used CHARMM to calculate the volume and density of a water box to determine appropriate values for probe radius and grid spacing, which were then used to calculate the volumes and densities for the reverse micelle systems. In all cases, the Eicke composition leads to a lower density than the Waks composition. While our simulated densities may be higher or lower than experimental values, all are within approximately 5% of these values, regardless of composition or force field (for GROMOS data see Supporting Information). The densities of the spherically restrained RMs are higher than for the unrestrained RMs, but are still within 2% of the experimental values.
Unrestrained RMs are Not Spherical. The initial geometry of all simulated reverse micelles was spherical. In contrast to the shape of the spherically restrained RMs, the shape of the unrestrained RMs changed significantly. The unrestrained CHARMM RMs evolved from spheres to rod-like shapes, and the unrestrained GROMOS RMs became disc-and donut-like. To quantify the changes in geometry, we calculated several shape parameters including the moments of inertia, the semiaxes, and the eccentricity of each RM. The moments of inertia I 1 , I 2 , I 3 for an ellipse with semiaxes a, b, c are 
For spherical objects, I 1 ≈ I 2 ≈ I 3 and a ≈ b ≈ c. For a prolate ellipsoid (or a rod), I 1 ≈ I 2 > I 3 , and a ≈ b < c. For an oblate ellipsoid (or a disc) I 1 ≈ I 2 < I 3 , and a ≈ b > c. The eccentricity, e, of a shape is given by
where e is zero for a perfect sphere and e → 1 for disc-and rodlike shapes.
18 Table 2 shows the average moments of inertia, the semiaxes, and the eccentricity for each of the CHARMM unrestrained RMs for the last 15 ns of simulation. The differences in the values of I 1 , I 2 , and I 3 and a, b, and c indicate nonspherical shapes. The moments of inertia for the CHARMM systems fluctuated significantly tending toward two large moments and one smaller one. The semiaxes also fluctuated, tending toward two short semiaxes and one long semiaxis, indicating a rod-like shape for these systems. The moments of inertia and the semiaxes for the GROMOS systems fluctuated generally indicating that the RMs shifted from spheres to disc-like shapes.
The eccentricity for all systems increased with time representing the shape evolution away from spherical. Figure  2 shows the eccentricity parameter for the CHARMM unrestrained RMs from 10 to 25 ns along with the distribution of eccentricity values for each RM. For the restrained RMs, there was little fluctuation for all values (data not shown). Figure 3 shows images of the unrestrained RMs for the CHARMM force field at 0, 15, and 25 ns following initial "equilibration." GROMOS data are available in the Supporting Information.
On the basis of these results, we conclude that the shape of the RMs is more dependent on force field than composition. One main difference between the two force fields is the partial charges on the atoms. The CHARMM force field assigns a nonzero partial charge to every atom. 26 The AOT and isooctane parameters of Abel et al. follow this pattern. 18 In the GROMOS force field not every atom has a nonzero partial charge. 27 For AOT molecules the only atoms with nonzero partial charges are the sulfur, the oxygens, and the ester carbons. The rest of the aliphatic carbons have partial charges of zero. Because of the lack of partial charges in the GROMOS parameters there are no Coulombic interactions between the water molecules and the AOT tails, which apparently leads to a stabilization in the geometry of the reverse micelles. In the CHARMM systems the waters interact more strongly with the AOT head groups and hydrate the aliphatic tails to some extent. Water observed to penetrate the surfactant layer allows the shape of the RMs to be more flexible.
Water Relaxation Shows Highly Nonexponential Behavior. The rotational anisotropy correlation function can be calculated by taking the dot product of the unit vectors, u, in 
where P 2 (x) = (3x 2 − 1)/2 and x = cos θ = (u(t)·u(0)). 33 The second Legendre polynomial is relevant as it is used in analyzing order of liquid crystals. 34 The limit of ⟨P 2 (x)⟩ → 0 indicates a random, isotropic system with fast decay times and ⟨P 2 (x)⟩ → 1 indicates a more ordered system with slow decay times. 34 The second-rank rotational anisotropy decay autocorrelation function (ACF) of the water was computed and compared to experimental values. 35 The rotational anisotropy decay ACF provides insight on restrictions in structural dynamics of water in confined areas, such as RMs of w 0 < 20. Experiments show that confined water rotates slowly and has a long rotational anisotropy decay time. 36 Rotational anisotropy decay times for water in reverse micelles may be extracted by fitting the ACFs to exponential functions. 35−37 The rotational anisotropy decay of bulk water and water in large RMs (w 0 = 20, 40, 60) can be fit to a single exponential function. The rotational anisotropy decay of water in small RMs (w 0 < 20) is not observed to decay as a single exponential, with confined water exhibiting multiple 38 or stretched exponential 35 behavior and multiple relaxation times on short time scales (∼10−20 ps), and power law decay on longer time scales.
39−41 Piletic et al. found that for RMs of w 0 ≤ 10, the water orientational relaxation behaved biexponentially with long decay times of 50, 30, and 18 ps and short decay times of 0.9, 1.0, and 1.5 ps for RMs of w 0 = 2, 5, and 10, respectively. 36 We calculated the rotational anisotropy autocorrelation functions for the last 2000 ps of our simulations averaging over 1000 ps windows. For short time periods (∼20 ps), the water rotational anisotropy relaxation in our simulations can be described either by using a sum of three exponential functions 38, 42 or a stretched exponential function. 40, 41, 43 While the stretched exponential function does provide a good fit to short time data, an intuitively appealing approach employs a sum of exponentials where "types of water" are identified in the system with each "type" being associated with a particular mean relaxation time. Examples include studies of reverse micelles 38 and studies of water at the lipid−water interface 42 that suggest the water dynamics are best described by a sum of three exponentials. which is indicative of collective behavior for the water. The β values they report are for RMs of w 0 = 2, 4, and 7.5. In smaller RMs, water dynamics will be more collective which may explain the difference in our values. While the GROMOS rotational anisotropy decay times are much slower, triexponential functions also fit the first 20 ps of the ACFs, but fail to describe the longer decay times. Further analysis is provided in the Supporting Information. For longer time periods of up to approximately 1000 ps, the stretched exponential model fails to capture the water dynamics. Data from our CHARMM simulations are better described by a pair of power laws of the form t −b 1 and t −b 2 where the b 1 component fits longer decay times and the b 2 component fits shorter decay times. In Figure 5 the rotational anisotropy ACFs along with the power law fits are plotted on a log−log plot. The figure shows that the ACFs fit well to a power law t Several other groups have analyzed the rotational anisotropy decay of water in confined environments other than reverse micelles.
39−41,43−45 They find that while the initial decay (up to 10 or 20 ps) can be characterized well with a stretched exponential or sum of exponential functions, the longer decay times are described more accurately by a power law or a pair of power laws.
Our observation of power-law relaxation of the rotational anisotropy decay for water in reverse micelles is consistent with observations by Laage and Thompson in their computational work on water confined in silica pores, 39 and experimental work by Scodinu et al. 44 and Farrer et al. 45 using optical Kerr effect spectroscopy to study orientational dynamics of confined water.
In addition to the rotational anisotropy decay, we calculated the residence times of the water molecules with respect to each AOT in the unrestrained RMs for the last 2000 ps. We defined residence time to be the length of time an individual water molecule remained within 4 Å of an AOT headgroup oxygen. The distributions of the residence times for the unrestrained CHARMM and GROMOS systems are shown on a log−log plot in Figure 6 . The residence time distributions, like the rotational anisotropy, decay as power laws. The CHARMM data is fit well by two power laws and the GROMOS to one. This graph shows that in general the TIP3P water has shorter residence times than SPC water. The GROMOS simulations have a larger fraction of waters with residence times of 100 ps or longer which may contribute to the long rotational anisotropy decay times.
■ DISCUSSION
Previous RM simulations by Ladanyi et al., 22 which used the Eicke composition, resulted in more spherical RMs than what we present here. We believe this difference results from the force field used. It is important to note that each of our simulations was performed using parameters specifically for each force field used. In Ladanyi's model, parameters from more than one force field were used, 22 which may be partially responsible for the observed differences. 46 The AOT parameters are similar to those in the GROMOS force field, with nonzero partial charges on the oxygens and ester carbons, but partial charges of zero on the sulfur atom and the remaining aliphatic carbons. The isooctane carbons also have partial charges of zero. This means there are only electrostatic and Coulombic interactions between the water and the AOT headgroup region. This appears to lead to the lack of water penetration to the AOT tails with the majority of the waters remaining in the core of the RM. Two additional simulations of the Waks w 0 = 6 RM were performed using CHARMM and GROMOS. In the CHARMM simulations we changed the partial charges of the AOT and the isooctane to be the same as those used in Ladanyi's simulations and in the GROMOS simulations we changed the water from SPC to SPC/E. These changes had no significant effects on the shapes of the RMs.
Simulations by Graeve et al. 24, 25 resulted in reverse micelles with cylindrical or elongated donut-like shapes. The type and range of shape fluctuations in our simulations are consistent with those of Graeve and co-workers, which was also consistent with the results of their experimental light scattering studies. 25 Their work employed the same force field and parameters for AOT as in the CHARMM simulations presented in this work. They studied RMs of various w 0 by keeping the number of AOT molecules constant and varying the amount of water Figure 5 . Rotational anisotropy decay autocorrelation functions for the unrestrained CHARMM reverse micelles on a log−log scale. The plot shows that the autocorrelation functions are described well with a power law decay from 1 to 100 ps. 
■ CONCLUSION
Reverse micelles are widely used in experimental studies of molecular structure and dynamics, including protein folding and aggregation, using NMR and optical spectroscopies. 9−11 Owing to the complexity of interactions between the sequestered molecules and the surrounding water pool and surfactant, simulation studies are essential to the complete interpretation of experimental spectroscopic studies of the structure. We have used two force fields to simulate reverse micelles based on two alternative interpretations of the water loading in terms of the absolute numbers of water and surfactant molecules determined by two experimental groups. 10, 11 We find the properties of the RMs to be more dependent on the size (w 0 = 6 vs 10) and the force field used than the absolute composition. Within each force field both compositions yielded similar densities close to the experimental values. The simulated rotational anisotropy decay times for the water were on the same order of magnitude for the w 0 values in each force field. The simulations of spherically restrained systems were used to provide a "control," with which, for example, we could establish that water dynamics in the restrained RMs are similar to water dynamics in the unrestrained RMs in which the water/surfactant interface is structurally distinct. Shape parameters calculated from the moments of inertia also yielded comparable results indicating rod-like shapes for the CHARMM systems and disc-or donutlike shapes for the GROMOS systems.
There exist substantial differences in the interpretation of reverse micelle structure and dynamics in the literature. 6, 18, 22, 24, 25 Most simulation studies support the conclusion that there are significant shape fluctuations, away from the idealized spherical geometry, that are important to the overall system energetics and dynamics. 18, 23, 47 However, many experimental studies are interpreted with the assumption of an idealized spherical geometry of the reverse micelle and internal water pool. 5, 7, 48, 49 Moreover, simulation studies indicate a broad distribution of relaxation times for water rotational anisotropy, with significant force field dependence. Further experimental studies of both the structure and dynamics of reverse micelle systems are needed to clarify the nature of reverse micelle structure and to evaluate critically the predictions of simulation models.
